Here we demonstrate that the dual leucine zipper kinase (DLK) promotes robust regeneration of peripheral axons after nerve injury in mice. Peripheral axon regeneration is accelerated by prior injury; however, DLK KO neurons do not respond to a preconditioning lesion with enhanced regeneration in vivo or in vitro. Assays for activation of transcription factors in injury-induced proregenerative pathways reveal that loss of DLK abolishes upregulation of p-STAT3 and p-cJun in the cell body after axonal injury. DLK is not required for the phosphorylation of STAT3 at the site of nerve injury but is necessary for retrograde transport of p-STAT3 to the cell body. These data demonstrate that DLK enhances regeneration by promoting a retrograde injury signal that is required for the activation of the neuronal proregenerative program.
INTRODUCTION
Axons in the peripheral nervous system (PNS) can regenerate after injury. However, axon regenerative capacity declines in the adult nervous system as the neuronal intrinsic factors for axon growth diminish in mature neurons. Moreover, inhibition of these intrinsic pathways probably contributes to the poor regenerative capacity in the adult central nervous system (CNS) (Liu et al., 2011; Park et al., 2008; Smith et al., 2009) . Therefore, defining how these regenerative pathways are regulated may suggest novel therapeutic approaches to improve neuronal recovery after axonal injury.
After injury to a peripheral nerve, there is a rapid and local regenerative response involving the formation of a growth cone and cytoskeletal changes promoting regrowth (Bradke et al., 2012) . This local response is subsequently augmented by the activation of intrinsic proregenerative transcriptional pathways (Abe and Cavalli, 2008; Smith and Skene, 1997) . Within hours of a peripheral nerve injury, the levels of phosphorylated transcription factors that promote axon regeneration increase in the cell body (Lindwall et al., 2004; Qiu et al., 2005; Zou et al., 2009) . These transcription factors activate a program that increases expression of axonal growthassociated proteins and enhances the rate of regrowth in the days after injury (Hoffman, 2010) . In addition, this injuryinduced proregenerative signaling leads to a preconditioning injury effect, in which a neuron exposed to a prior lesion exhibits a dramatic improvement in axonal regeneration compared to that of a naive neuron (Neumann and Woolf, 1999) . The preconditioning injury effect is a powerful paradigm for defining mechanisms that promote axon regeneration. For example, a peripheral nerve injury induces cAMP, Janus kinase (JAK)-STAT3, and mTOR-S6 pathways, and activation of these pathways is sufficient to improve CNS axon regeneration (Abe et al., 2010; Park et al., 2008; Qiu et al., 2002 Qiu et al., , 2005 . While many proregenerative pathways are known, the mechanism by which injury activates these pathways is less well understood.
Dual leucine zipper kinase (DLK) is a mitogen-activated protein kinase kinase kinase (MAPKKK) that can activate cJun N-terminal kinases (JNK) and p38 MAPK (Fan et al., 1996) . In addition to its role for neural development (Bloom et al., 2007; Hirai et al., 2006; Itoh et al., 2011) , DLK is involved in injury responses such as axon degeneration and neuronal apoptosis (Chen et al., 2008; Ghosh et al., 2011; Miller et al., 2009; Xiong and Collins, 2012) . Moreover, recent studies in C. elegans and Drosophila have demonstrated that DLK is required for the regenerative response after axotomy; in the absence of DLK, reformation of a growth cone from the severed stump is disrupted (Hammarlund et al., 2009; Xiong et al., 2010; Yan et al., 2009) , while in juvenile DLK gene-trap mice, there is less regrowth of axons from dissected and cultured dorsal root ganglion (DRG) explants (Itoh et al., 2009 ). Here we demonstrate that in the absence of DLK, in vivo regeneration of mammalian motor and sensory axons is impaired. DLK is not required for the initial outgrowth of injured axons but is necessary for the retrograde transport of injury signals that activate the intrinsic regenerative program to mediate the preconditioning effect. This study thus identifies DLK as a key intermediate required for axonal injury to activate the regenerative program.
RESULTS

Mouse Peripheral Axon Regeneration Requires DLK In Vivo
To test whether DLK is required for axonal regrowth in vivo, we first examined motor axon regeneration in DLK conditional knockout (KO) mice. To delete DLK expression in motor neurons, we mated floxed DLK mice (Miller et al., 2009 ) to HB9-Cre line and labeled Cre-expressing motor neurons with Thy-STOP-YFP15 (see Supplemental Experimental Procedures available online). We crushed sciatic nerves of wild-type (WT) and DLK conditional KO animals unilaterally and assessed retargeting of yellow fluorescent protein (YFP)-positive motor axons to the neuromuscular junctions (NMJs) on the extensor hallucis longus (EHL) muscle in the hindlimb. The muscles were stained with a-bungarotoxin (BTX) to label acetylcholine receptors at the endplates. On the unlesioned side, EHL muscles from both WT and DLK KO mice display apposition of the axon terminals and the endplates, showing that the developmental targeting of DLK KO axons is largely normal ( Figure 1A ). When the WT muscles were observed 1 week after the crush injury, they were completely devoid of YFP-positive axons (n = 3) ( Figure 1A ), demonstrating that motor axons degenerate and are cleared by 1 week. Hence, axons detected after this point are regenerating fibers. Indeed, 2 weeks after the crush, WT axons exhibit robust retargeting to the NMJs, as described previously (Magill et al., 2007) . We assessed the retargeting by counting the number of postsynaptic endplates colocalized with axonal YFP fluorescence and found that 80% of the YFP-positive WT axons occupy endplates when normalized to the unlesioned contralateral muscle. However, in DLK KO littermates, the motor axon regeneration is greatly attenuated, with an approximately 8-fold reduction in the number of retargeted axons (p < 0.001) ( Figure 1A ). At 3 weeks postinjury, we observed an improvement in retargeting of DLK KO axons; however, the regeneration was still impaired compared to that in WT (Figure S1A ). These data demonstrate that DLK is essential for efficient axon regeneration to the target muscle in mouse motor neurons.
We also examined the requirement of DLK in sensory axons that are the major component of the sciatic nerve. We deleted DLK expression in sensory neurons with Wnt1-Cre (Danielian et al., 1998) (Figure S1B ), crushed sciatic nerves of KO and littermate controls, and assessed sensory axon regeneration by measuring the length of axons growing past the crush site. To label regenerating axons, we stained longitudinal nerve sections with a growth-associated neuronal protein, superior cervical ganglion 10 (SCG10), which is highly expressed in developing and regenerating axons (Mason et al., 2002) . SCG10 levels in uninjured sciatic nerves were not significantly different between WT and DLK KO, though there was a tendency for higher levels of SCG10 in the DLK KO (26% ± 10% increase [mean ± SEM]; n = 5; p = 0.07). When WT sensory axons were allowed to regrow for 3 days after injury, they robustly regenerated beyond the site of lesion to a distance of approximately 4 mm, consistent with previous findings (La Fleur et al., 1996) . However, the length of regenerating axons is reduced in the absence of DLK ( Figure 1B) . Immunolabeling with another marker of regenerating axons, GAP43 (Abe et al., 2010) , shows similar results ( Figure S2 ). To quantify the regenerative deficit, we measured the distance from the crush site to the location where the SCG10 level is reduced to half of its level at the crush site and defined that as regeneration index (Abe et al., 2010) . Loss of DLK results in 2-fold reduction in the regeneration index (p < 0.05) ( Figure 1B ), demonstrating that DLK promotes sensory axon regeneration in vivo.
In addition to sensory neurons, the Wnt1-Cre driver line is also active in other neural crest lineages including Schwann cells (Danielian et al., 1998) . Since changes in myelination and the reaction of Schwann cells to injury may indirectly affect axonal structure and growth (Jessen and Mirsky, 2008) , we examined whether myelin is normally formed in Wnt1-Cre conditional DLK KO mice. No obvious abnormalities were noted in sciatic nerve axons from DLK KO mice by light and electron microscopic analysis ( Figure S1C ). Additionally, we assessed a battery of myelination parameters such as cumulative g-ratio and fiberwidth distribution by semiautomated nerve histomorphometry (see Supplemental Experimental Procedures) and found no alterations in the absence of DLK ( Figure S1C ). This quantitative analysis also demonstrates that axon caliber distributions in DLK-deficient nerves are indistinguishable from control preparations. In addition, we studied the cellular reactions 3 days after nerve injury, when Schwann cells lose their myelin sheaths and dedifferentiate. Ultrastructural assessment shows normal dedifferentiation features of Schwann cells after sciatic nerve transection in DLK KO mice ( Figure S1D ). Immunolabeling for markers of dedifferentiated Schwann cells, cJun ( Figure S1E ) (Jessen and Mirsky, 2008) , and Oct6 (data not shown) (Kawasaki et al., 2003) demonstrates that injury-induced Schwann cell dedifferentiation is normal in Wnt1-Cre conditional DLK KO. This analysis of Schwann cell function, the retarded motor fiber regrowth in HB9-Cre conditional DLK KO mice, and the in vitro work described below are all consistent with a cell-autonomous neuronal role for DLK in promoting regeneration.
DLK Is Dispensable for Early Axonal Regrowth after Injury
Axon regeneration can be promoted at multiple steps including growth cone formation, axonal extension, and injury-induced acceleration (preconditioning effect). We investigated which of these processes requires DLK. We first assessed the early phase of axonal regrowth in vivo using the Wnt1-Cre conditional DLK KOs. The sciatic nerve axons of WT or DLK KO mice were subjected to a crush lesion and allowed to regrow for 1 day. The initial growth of SCG10-positive axons is comparable between the WT and DLK KO mice (Figures 2A and 2C) , demonstrating that DLK is not required for this early stage of axonal regrowth. . Axon regeneration 1 day after crush injury is comparable between WT and DLK KO (A). Double-crushed mice were given a preconditioning crush injury (prelesion) for 3 days, subsequently subjected to another crush injury, and allowed to regrow for 1 day (B). A prelesion significantly potentiates axon regeneration in WT (red arrowhead), but this effect is abolished in DLK KO. White arrow indicates the crush site. Scale bar represents 500 mm. (C) Results from (A) and (B) were quantified to generate a regeneration index. WT (DLK In addition, we directly tested whether DLK is necessary for the formation of a growth cone from the severed axon stump. We assessed growth cone formation after axotomy in cultured embryonic DRG sensory neurons from DLK constitutive KO and littermate control mice. When these neurons are plated in a confined area on a culture dish, axons extend away from the cell body area so that many axons can be severed and assessed simultaneously. We find that the ratio of severed axons that form a growth cone within 2 hr after axotomy is not significantly different between WT and DLK KO neurons ( Figure S3 ). Hence, DLK is not essential in the early stage of axon regrowth that involves local regulation of the growth cone and axon.
DLK Is Required for Accelerated Regeneration Induced by a Conditioning Injury
Hours after injury to the sciatic nerve, DRG sensory neurons respond by activating proregenerative factors in the cell body that induce a proregenerative program that accelerates axonal regrowth and mediates the preconditioning effect (Abe and Cavalli, 2008) . Because axon regeneration in DLK-deficient mice is normal 1 day after injury (Figure 2A ) but is reduced 3 days after injury ( Figure 1B) , we hypothesized that DLK may be required for this later neuronal injury response. To test this injury effect, we performed preconditioning injury experiments. We crushed the sciatic nerve, waited 3 days to allow for induction of the proregenerative program, applied a second crush just proximal to the first crush, and then allowed the axons to regrow for 1 day. In WT, axon regeneration is markedly acceleratedpreconditioning leads to a 2-fold increase in the regeneration index (p < 0.005) ( Figures 2B and 2C ). However, this conditioning injury effect was completely abolished in the absence of DLK (p < 0.005) ( Figures 2B and 2C ), demonstrating that DLK is necessary for the injury-induced acceleration of axon regeneration.
As an independent test for the role of DLK in the conditioning lesion response, we performed an in vitro axon regrowth assay with DRG neurons. We crushed the sciatic nerve, waited 3 days, and then cultured adult DRG neurons for 16 hr in order to evaluate their regeneration capacity. We assessed axon regrowth by measuring the length of the longest axon from each neuron. Prior nerve injury markedly potentiates axon regrowth in WT DRG culture, as previously demonstrated (Smith and Skene, 1997) , leading to a significant increase in the ratio of neurons bearing long (>400 mm) axons (p < 0.001) and a significant decrease in the ratio of neurons with short (<75 mm) axons (p < 0.001) (Figures 2D and 2E) . However, this accelerated axonal growth was blocked in DLK KO neurons (p < 0.001) ( Figures 2D and 2E) , demonstrating the requirement of DLK for the preconditioning effect. Importantly, these in vitro results highlight that the reduced in vivo regeneration in DLK KOs is unlikely to be secondary to the delayed degeneration of the distal stump in the absence of DLK (Miller et al., 2009) . Instead, our data show that DLK directly promotes the preconditioning effect in injured neurons.
DLK Is Required for Activation of Injury-Induced Proregenerative Signals in Cell Bodies
We next investigated mechanisms by which DLK promotes neuronal response to injury. Nerve injury activates molecular pathways that contribute positively to axonal regeneration. We hypothesized that DLK is required for these injury-induced signals and so assayed markers of these injury-induced pathways. Of these, the most likely candidate is the transcription factor cJun, a downstream target of the DLK/JNK pathway that is phosphorylated upon axonal injury and promotes axon regeneration in the mouse peripheral nervous system (Raivich et al., 2004) . We used immunofluorescence to detect p-cJun in the nuclei of DRG neurons from WT and Wnt1-Cre conditional DLK KO animals 3 days after sciatic nerve lesion and found that the injury-induced increase in the number of cells expressing p-cJun is blocked in DLK KO mice (p < 0.001) ( Figure S4 ). These data are consistent with the previous report by Itoh et al. (2009) using DLK gene-trap mice. To our surprise, however, this was not the only injury signaling pathway blocked by the loss of DLK. Upon injury, the transcription factor STAT3 is phosphorylated and accumulates in DRG cell bodies, where it promotes axonal regeneration (Bareyre et al., 2011; Qiu et al., 2005) . In the absence of DLK, however, this accumulation of p-STAT3 is blocked. In WT DRGs, there is a 2-fold increase in the p-STAT3 levels in DRG cell bodies upon nerve injury; however, there is no significant increase in p-STAT3 in DLK KO DRGs (p < 0.05) ( Figures 3A and 3B) . Hence, DLK is required for the activation of two proregenerative pathways in the cell bodies of injured neurons.
DLK Promotes Retrograde Transport of an Injury Signal
STAT3 is phosphorylated by JAK kinase (Qiu et al., 2005) , so the decrease in p-STAT3 in the DLK KO was surprising. Although STAT3 is a transcription factor, it is present in axons, locally phosphorylated after a nerve injury, and retrogradely transported after injury (Ben-Yaakov et al., 2012) . To determine the mechanism by which DLK promotes the accumulation of p-STAT3 in the cell body, we first examined whether DLK is directly required for the phosphorylation of STAT3 at the site of injury. We analyzed levels of p-STAT3 in the proximal nerve stump 1 day after sciatic nerve lesion. In WT, p-STAT3 is barely detectable in the unlesioned contralateral nerve but is dramatically upregulated by injury ( Figure 3C ). p-STAT3 is localized in neuronal axons, as shown by immunostaining ( Figure 3D ). In the absence of DLK, STAT3 is still phosphorylated in the injured axons, and the levels are similar to WT (Figures 3C and 3D ; n = 3). These data show that the local activation of STAT3 does not require DLK. Instead, these findings suggest that DLK may be necessary for translocation of the injury signal to the cell body.
We next examined whether DLK is indeed required for the transport of p-STAT3 to the cell body. To track the movement of the phosphorylated protein upon injury, we performed a double nerve ligation in which the sciatic nerve is sutured at two locations ( Figure 3E ). The nerve ligation injures axons and blocks axonal transport, so that transported cargoes accumulate near the knots. Retrograde cargoes accumulate in the proximal segment of the nerve, while anterograde cargoes concentrate in the distal segment, so the ratio of protein present in the proximal/distal segment is a measure of retrograde transport (Cavalli et al., 2005) . Upon double ligation of WT sciatic nerves for 6 hr, p-STAT3 levels are 1.5-fold higher in the proximal segment, consistent with the retrograde transport of p-STAT3 after injury.
However, this accumulation is blocked in DLK KOs (p < 0.05) ( Figures 3E and 3F) . We also analyzed transport of JIP3, a scaffolding protein that links DLK and JNK to the axon transport machinery (Cavalli et al., 2005; Ghosh et al., 2011) . Injury facilitates the association of JIP3 with the retrograde transport machinery and increases the retrograde transport of both JIP3 and phosphorylated JNK (Cavalli et al., 2005) . In the double ligation assay, injury-induced accumulation of JIP3 in the proximal stump is abolished in the absence of DLK (p < 0.05) (Figures 3E and 3F) . Therefore, DLK is necessary for the retrograde transport of both p-STAT3 and JIP3 upon axon injury. Collectively, these results demonstrate that DLK plays an essential role for the axonal transport of injury signaling components to the cell body.
Taken together, these data demonstrate that DLK is required for robust axon regeneration in the vertebrate PNS in vivo, DLK promotes retrograde transport of injury signals that enhance axonal regenerative capacity, and injury-induced potentiation of axonal regeneration requires DLK.
DISCUSSION
Trauma, neurotoxins, and neurological disease can all trigger axonal damage and the loss of neuronal connections. The capacity of a neuron to regenerate an injured axon is crucial for the recovery of neural function. In an injured peripheral nerve, there are two phases to the regenerative response. There is ; Wnt1-Cre); n = 3; *p < 0.05. Data are presented as means ± SEM. See also Figure S4. a rapid, local modification to the cytoskeleton that promotes growth cone formation and axonal outgrowth (Bradke et al., 2012) . Later, retrograde injury signals activate transcription factors in the cell body that turn on proregenerative programs (Liu et al., 2011) . These programs accelerate axonal outgrowth, which is probably important since rapid peripheral regeneration improves functional outcomes (Gordon et al., 2011) . In addition, these transcriptional programs mediate the preconditioning effect, in which injured neurons regenerate more robustly after exposure to a prior axon injury. Indeed, a preconditioning injury can even stimulate the normally refractory central axons to regrow (Neumann and Woolf, 1999) . Hence, identifying the mechanisms that activate this injury signal may allow for novel interventions to stimulate axon regeneration.
We tested whether DLK regulates axon regeneration mechanisms in vertebrates using a mouse model. In worms and flies, DLK is required for the formation of the regenerative growth cone response after axotomy (Hammarlund et al., 2009; Xiong et al., 2010; Yan et al., 2009 ). In mice, we find that DLK is dispensable for the early, local response of axon regeneration. In vitro, growth cone formation after axotomy is not altered and in vivo outgrowth of injured axons is normal in the first 24 hr after injury. However, by 3 days after injury, axonal outgrowth is reduced in the DLK KO, and, most significantly, regeneration to functional targets is impaired. These findings demonstrate that, in the mouse, DLK is selectively required for the second phase of the regenerative response. Although loss of DLK significantly delays regeneration, it does not completely block axonal regrowth, probably because the local regenerative response is maintained. By genetically separating these phases, this mutant demonstrates the physiological importance of activation of the proregenerative cell body program for the timely reinnervation of postsynaptic targets.
DLK is necessary for the proregenerative program that promotes axonal growth after a single injury and that mediates the preconditioning effect of a prior injury. To identify the mechanism of action of DLK, we assayed activation of markers for known injury-activated proregenerative signals and found significant differences for cJun and STAT3-the upregulation of p-cJun and p-STAT3 in DRGs after axonal injury is abolished in DLK KO mice. The levels of p-CREB and p-S6, the markers for cAMP pathway and mTOR signaling, respectively, were not significantly different between WT and DLK KO. cJun is a known target of DLK-JNK MAPK pathway and the role of DLK for injuryinduced cJun activation has been previously reported in nerve growth factor (NGF) deprivation in embryonic mouse culture and a sciatic nerve lesion in DLK gene-trap mice (Ghosh et al., 2011; Itoh et al., 2009) . However, the requirement of DLK for injury-induced STAT3 activation in the cell body was unexpected. STAT3 phosphorylation is dependent on Janus kinase 2 (Qiu et al., 2005) , which may be activated by neuropoietic cytokine released upon injury. Indeed, STAT3 is present within the axon and phosphorylated upon injury, after which it is retrogradely transported to the cell body (Ben-Yaakov et al., 2012) . In DLK KO neurons, STAT3 is still robustly phosphorylated in the injured axon, so DLK is not required for the activation of STAT3. Instead, DLK is necessary for the retrograde transport of the p-STAT3 injury signal to the cell body. It will be of interest to determine whether DLK is also required for the nuclear accumulation of p-STAT3 within the DRG cell bodies.
Retrograde axonal transport is necessary for normal axonal regeneration (Abe and Cavalli, 2008; Hanz et al., 2003; Xiong et al., 2010) . JIP3 is a central player in the retrograde injury signal-it is a scaffolding protein for the MAP kinase JNK and preferentially associates with the retrograde motor complex after nerve injury (Cavalli et al., 2005) . Upon NGF deprivation, JIP3 promotes neuronal apoptosis by mediating formation of a DLK-JNK signaling module (Ghosh et al., 2011 ). Here we demonstrate that upon axonal injury, DLK is required for the injury-induced retrograde transport of JIP3. Hence, JIP3 not only serves as a scaffold for JNK pathway kinases (Kelkar et al., 2000) but is itself regulated by the function of those kinases. This is consistent with our findings in Drosophila, in which the ortholog of DLK regulates the association of JIP1, a structurally unrelated JNK scaffolding protein, with the transport machinery (Horiuchi et al., 2007) . Since JIP3 associates with JNK, the absence of its retrograde transport is probably responsible for the failure to phosphorylate the JNK-target cJun in the DLK KO. Moreover, since JIP3 links motor proteins to a variety of cargoes (Abe et al., 2009 ), promoting JIP3 retrograde transport may be central to the role of DLK in the injury response. We suggest that JIP3 could facilitate the retrograde transport of p-STAT3, although our data are also consistent with the model that DLK independently regulates the retrograde transport of JIP3 and p-STAT3.
Here we demonstrate that after axonal injury, DLK enhances the regeneration of the proximal axon. Previously, we showed that DLK also functions in the distal axon to promote Wallerian degeneration (Miller et al., 2009) . A dramatic delay in clearance of these distal fibers due to the expression of the Wallerian degeneration slow (Wlds) protein physically inhibits regeneration (Brown et al., 1992) ; however, this is unlikely to be the explanation for the defects in regeneration in the DLK KO. First, the DLK KO leads to a much shorter delay in degeneration than does Wlds. Second, the absence of DLK blocks retrograde injury signal transport and accumulation of activated proregenerative signals in the DRG cell bodies, demonstrating a direct signaling role for DLK in the proximal axon. Third, the defects in in vitro regeneration in cultured DLK KO neurons occur in the absence of distal axons. Hence, these data support the model that DLK independently promotes axonal regeneration in the proximal axon while facilitating degeneration in the distal axon. Since DLK also promotes neuronal apoptosis (Ghosh et al., 2011; Itoh et al., 2011) , it functions as a key component of the neuronal injury response, regulating cell survival, axon regeneration, and axon degeneration.
Our data demonstrate that DLK promotes axonal regeneration by regulating transport of injury-derived signals. These data emphasize that injury signals and their regulators are crucial factors controlling the efficacy of in vivo axonal regeneration to functional targets. Retrograde transport-dependent injury signals including STAT3 fail to be activated upon a CNS axonal lesion (Qiu et al., 2005) . We speculate that methods to promote DLK function may spur retrograde transport in CNS axons, mimicking a preconditioning injury and enhancing CNS axon regeneration.
EXPERIMENTAL PROCEDURES Mice
We used adult mice 3 months or older for analysis. Mouse lines are described in Supplemental Experimental Procedures.
Surgical Procedures
Animals were anesthetized, a small incision was made unilaterally to expose the sciatic nerve at thigh level, and the sciatic nerve was lesioned by crush, ligation, or transection. The incision was closed with nylon suture and the animals were then housed until they were euthanized and samples were taken for analysis.
Immunofluorescence Dissected tissues were fixed in 4% paraformaldehyde for 2 hr and incubated in 30% sucrose. DRGs and sciatic nerve tissues were then embedded in OCT compound (Tissue-Tek), cryopreserved, and sectioned at 10 mm thickness. Tissue sections were then blocked in blocking solution (10% normal goat serum in PBS with 0.1% Triton X-100 [PBS-T]) at room temperature and subsequently incubated with primary antibodies diluted in blocking solution overnight at 4 C. Samples were then treated with two washes of PBS-T, incubation with secondary antibodies in blocking solution for 2 hr at room temperature, three washes in PBS-T, and mounting in VectaShield (Vector Laboratories). Antibodies are listed in Supplemental Experimental Procedures.
Confocal Imaging
Samples were imaged with a Nikon D-Eclipse C1 confocal microscope using 103 air or 203 oil objective. Images shown are z projections of confocal stacks acquired from serial laser scanning.
In Vitro Axon Regeneration Assay Adult DRG cultures were prepared as described in Supplemental Experimental Procedures. After overnight (16 hr) incubation, cultures were fixed in 4% paraformaldehyde for 20 min and subjected to immunostaining as described in the Immunofluorescence section. Antibodies to b3 tubulin (Tuj1; Covance) were used to label neurites. Samples were imaged with a light microscope (Nikon eclipse 80i) using a 103 air objective. To assess axon growth, we quantified at least 75 neurons per experimental set. Tuj1-positive axons were traced and their length was measured with the NeuronJ plugin of ImageJ. Further experimental procedures are available in Supplemental Experimental Procedures.
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